Most cases of adult tuberculosis occur in individuals who have been previously exposed to Mycobacterium (M.) tuberculosis and have developed a localized and self-healing inflammatory reaction. In most of the individuals the inflammatory reaction is spontaneously contained; often it calcifies and persists for the remainder of the person's life (Medlar 1950) . Small numbers of tubercle bacilli are thought to remain viable for life in a condition known as latent or dormant tuberculosis (Lurie 1950) . However, it is almost impossible to understand the mechanism and pathogenesis of human latent tuberculosis because of the difficulty in obtaining suitable samples.
To overcome this difficulty several mouse models of latent tuberculosis have been proposed (McCune et al. 1956; Orme 1987; Phyu et al. 1998 ). Whether or not these murine models truly represent latent human tuberculosis remains controversial, but two models have been proposed: a low-dose model and the Cornell model. The low-dose model has the marked advantage of mimicking natural latency in the sense that it relies solely on the host immune response for control of the infection, but it has the disadvantage of a high bacillary burden that is unlike that found in human latent M. tuberculosis infection (Orme 1987) . The drug-induced Cornell model of latent tuberculosis has the advantage of achieving very low or undetectable numbers of bacilli and maintaining those low levels for many weeks in a pattern analogous to that in human latent infection, but it has the disadvantage of artificially inducing latency. Therefore, Cornell model variants have been proposed (Scanga et al. 1999) .
The guinea pig provides one of the best animal models for tuberculosis. Recently, a guinea pig model of latent or dormant infection with M. tuberculosis was created using a streptomycin-auxotrophic mutant of M. tuberculosis and streptomycin (Kashino et al. 2008) . Although this model is relatively reproducible, it is complicated in that it uses M. tuberculosis 18b (Hashimoto 1955; Shi et al. 2007 ), which only a limited number of laboratories possess. We previously reported the photon imaging of pulmonary granulomas induced by M. tuberculosis H37Rv strain expressing green fluorescent protein (GFP) , showing that pulmonary granulomas more than 1 mm in diameter are localized clearly by the photon imager. We therefore considered it possible to detect latent granulomas by photon imaging.
To expand the limited amounts of data currently available on the mechanisms of latent tuberculosis in guinea pigs, we used GFP-H37Rv to develop a low-dose model of guinea pig M. tuberculosis latent infection. Upon necropsy, no macroscopic tuberculous lesions were recognized, but histopathological examination of organs revealed microgranulomas consisting of epithelioid macrophages and lymphocytes without central necrosis. Interestingly, the photon imager visualized granulomatous lesions that corresponded to the histologically apparent granulomas. Our guinea pig model should be useful for examining the molecular mechanisms of latent tuberculosis and for monitoring chemotherapy of latent tuberculosis utilizing green fluorescence emission.
Materials and Methods

Bacterial strain and animal infection
M. tuberculosis H37Rv strain (ATCC 25618) was transformed with the heat shock protein (HSP) 60 promoter-GFP mut 3.1 M to obtain a stable GFP-H37Rv mutant ). This mutant remains stable for a year after subcutaneous administration to C57BL/6 mice, and there is no significant difference in growth rate or virulence between H37Rv and GFP-H37Rv .
Outbred female Hartley guinea pigs (average weight 250 g) purchased from SLC Co., Shizuoka, Japan, were infected subcutaneously with 100 or 1,000 CFU of GFP-H37Rv (ten in each group). Ten uninfected outbred female Hartley guinea pigs were also used. All experiments were conducted in compliance with the Guidelines for the Animal Care and Use Committee of The Research Institute of Tuberculosis.
Histopathology
For histopathological examination, the guinea pig's lungs, spleen, hilar lymph nodes, and liver were removed and embedded in paraffin. Sections 4 µ m thick were cut, formaldehyde-fixed, and stained with hematoxylin and eosin or by the Ziehl-Neelsen method for acid-fast bacilli (AFB) (Sugawara et al. 2004 ).
Colony-forming unit (CFU)
At different time points after infection (6 months and 10 months), animals were euthanatized and their lungs and spleen removed. Organ homogenates were prepared in phosphate-buffered saline (PBS) and plated at 10-fold serial dilution on 1% Ogawa slant media. The plated agar was incubated at 37ºC for 4 weeks and the CFU were counted 4 weeks later (Yamada et al. 2001; .
Delayed type hypersensitivity reaction
Tuberculin skin tests were performed by intradermal injection of pure protein derivative (PPD) (50 µ l/guinea pig, 50 µ g/1 mL, Japan BCG Labs., Tokyo, Japan) into a small shaved area of the skin of the back. Twenty-four hours later transverse diameters of induration reaction were measured in millimeters .
Immunohistochemistry
Immunohistochemistry was performed with avidin-biotin-peroxidase complex (ABC), as described in detail previously (Hsu et al. 1981 ). Anti-BCG antibody (Dakopatts, Copenhagen, Denmark) was used at a final concentration of 10 µ g/mL (Sugawara et al. 1998 ) to visualize BCG-related antigens. For negative-control slides, all these steps were repeated, but with non-immune serum substituted for the primary antibody.
Real-time PCR
The remaining portions of the right lower lobes of the lungs and of the spleen were used for reverse transcription (RT) polymerase chain reaction (PCR) analysis to examine the expression levels of several cytokine mRNAs during GFP-H37Rv infection. These samples were snap-frozen in liquid nitrogen and stored at -85ºC until use. RNA extraction was performed as described previously (Yamada et al. 2005) . Briefly, the frozen tissues were homogenized in a microcentrifuge tube with an autoclaved disposable 1,000-µ L tip cooled down at 4°C by being dipped in liquid nitrogen. The homogenates were then treated with 1 mL of TRIzol reagent (Invitrogen Japan Co., Tokyo, Japan), as specified by the manufacturer. After RNA isolation, the total RNA concentration was measured with a spectrophotometer, and the agarose gel electrophoresis pattern of the total RNA was examined. The total RNAs were reverse-transcribed into cDNA with Moloney murine leukemia virus reverse transcriptase (Invitrogen). ABI TaqMan Gene Expression Assay was used for relative quantification of the expression of interferon (IFN)-γ , tumor necrosis factor (TNF)-α , interleukin (IL)-10, IL-12, and inducible nitric oxide synthase (iNOS) mRNAs. A TaqMan Rodent glyceraldehydes-3-phophate dehydrogenase (GAPDH) Control Reagents set was used for normalization for data analysis. Real-time RT-PCR was performed according to the instructions for the ABI PRISM 7900HT Sequence Detection System (Applied BioSystems Inc., California, USA). Data were analyzed by the ∆∆ C T method using the ABI PRISM Sequence Detection System software package (version 2.1; Applied BioSystems) on a Windows 2000 operating system. The results obtained from GFP-H37Rv-infected and control guinea pigs were expressed relative to those from uninfected guinea pigs, which were calibrated against the expression of an internal control gene (GAPDH) (Yamada et al. 2007 ).
Photon imaging
Guinea pigs infected with GFP-H37Rv were scanned for green fluorescence by using a Φ imager (photon imager, Biospace Mesures, Paris, France; or NightOwl LB 981 Molecular Light Imager, Berthold Technologies, Germany). This imager is based on a third-generation GaAs intensified charge-coupled device (ICCD) camera that allows real-time photon counting over a wide spectral range (wavelength 400 to 900 nm). The imager uses an ICCD chip to amplify every photon up to 10 6 light spots in a detector. The detection conditions of this imager were as follows: spatial resolution, equivalent to 1,080 × 1,440 pixels CCD; dynamics, 2,000 counts pixel -1 min -1 ; excitation wavelength, 485 nm; emission wavelength, 535 nm Hyoudou et al. 2007 ).
Statistical analysis
All values were expressed as means ± S.D. and compared by using Student's t-test. For all statistical analyses, the level of statistical significance was set at P < 0.01.
Results
Infection of guinea pigs with GFP-H37Rv, and macroscopic and microscopic pathology
To begin characterizing the infection caused by the GFP-H37Rv strain, the guinea pigs were inoculated subcutaneously with very low doses of tubercle bacilli (100 or 1,000 CFU) and then followed up for 10 months. First, we monitored for external clinical changes related to tuberculosis in guinea pigs (lethargy, scuffed fur, foot-dragging walk, weight loss). Over the 10-month period, the guinea pigs inoculated with 100 CFU GFP-H37Rv showed none of the above-mentioned signs except gradual increase of body weight and no changes in overall behavior. The guinea pigs inoculated with 1,000 CFU GFP-H37Rv showed no scuffing of the fur, foot-dragging walk, or lethargy for the first 8 months, but thereafter a foot-dragging walk appeared. No loss of body weight was observed in this group; all 10 infected guinea pigs (1,000 CFU inoculation) steadily gained weight throughout the experiment, and no deaths occurred.
There were no macroscopic lesions suggestive of tuberculosis at 10 months in 100 CFU-inoculated group (Fig.  1A) . However, histopathological examination showed microgranulomas in the lungs in 100 CFU-inoculated group, the liver parenchyma, and the lymph follicles of the spleen (Fig. 1B-D) . Only one tubercle bacillus was found in one lung tissue section stained by Ziehl-Neelsen stain for acidfast bacilli. Immunohistochemistry using anti-BCG polyclonal antibody demonstrated BCG antigens in the epithelioid macrophages that constituted the microgranulomas (Fig.  1E) . 
Burden of mycobacteria in guinea pig tissues after subcutaneous infection with GFP-H37Rv
To confirm that infection of guinea pigs with the GFPH37Rv resulted in latent infection, 180 and 300 days after infection CFU counts were made in the pulmonary and splenic tissues of guinea pigs that had been inoculated with 100 CFU GFP-H37Rv. At 180 days after infection the pulmonary CFU was 121 ± 10, and 300 days after infection it was 360 ± 15 (Fig. 2) . The splenic CFU counts 180 and 300 days after infection were 10 ± 1 and 25 ± 2, respectively.
PPD skin testing
We used the tuberculin purified protein derivative (PPD) skin test, because it is used worldwide as an adjunctive test for the diagnosis of both latent and active tuberculosis. All infected guinea pigs were strongly positive in all PPD tests, which were performed at 60 days (16.3 ± 1.1 mm diameter), 180 (16.7 ± 1.3 mm), and 300 days (19.7 ± 1.4 mm) after infection (Fig. 3) . No induration reaction was recognized in the skin of uninfected control guinea pigs (n = 5).
Photon imaging of organs from guinea pigs
To localize the lesions suggestive of the presence of GFP-H37Rv, the major organs were serially cut to a thickness of 5 mm and subjected to photon imaging. Strong red signals of varying intensities were recognized in the serially cut lung and liver tissues from infected guinea pigs ( Fig. 4A  and 4B ). Strong red signals were also detected in the spleen. The locations of the strong signals corresponded to the granulomas (proliferative inflammation) found on histopathological examination (see Fig. 1 ).
Real-time PCR analysis of infected pulmonary tissues
Data obtained by real-time PCR analysis of infected pulmonary tissues were expressed as relative intensities. In the lung tissues of uninfected guinea pigs, expression levels of IFN-γ , TNF-α , IL-10, IL-12, and iNOS mRNAs were very low (< 0.1 as relative intensity). At 180 days after infection, there were no statistically significant differences in mRNA expression between uninfected and infected guinea pigs (Table 1) . At 300 days after infection the intensities were minimal, but significant differences in IFN-γ , TNF-α , IL-12, and iNOS mRNA expression were recognized between uninfected and infected guinea pigs (P < 0.01).
Discussion
In this study we have reported the successful establishment of latent M. tuberculosis infection in guinea pigs. In human tuberculosis, exogenous reinfection and reactivation of M. tuberculosis are major problems that require resolution, but in order to do so, the pathogenesis of latent human tuberculosis needs to be clarified. Because we did not have an animal model suitable for the investigation of latent tuberculosis, it was of great importance to develop one in order to study the pathogenesis and molecular mechanisms of latent infection.
Several murine models of latent infection have already been reported (McCune et al. 1956; Orme 1987; Phyu et al. 1998 ). In a model known as the Cornell model, mice are inoculated intravenously with viable tubercle bacilli and the resulting infection is treated for 12 weeks with anti-mycobacterial drugs. From this time point on, no tubercle bacilli can be cultured from the organs of these animals for several months. Administration of cortisone 2 to 3 months after interruption of the antibiotic therapy reverses this condition, and tubercle bacilli can then be cultured from lungs and spleens of more than 50% of the animals. The Cornell model is therefore not so highly reproducible and has no standardized protocol for establishment of latency. Although variant Cornell murine models have been proposed, their reproducibility is still low and many parameters (inoculating dose, infection period, antibiotics, and duration Fig. 2 . Persistence of viable GFP-H37Rv strain in the tissues of infected guinea pigs. CFU counts were made on lung and spleen tissues 180 and 300 days after infection (three per group). Fig. 3 . PPD skin testing of guinea pigs infected with GFPH37Rv. Skin tests were performed 60, 180, and 300 days after infection (three per group), and the diameter of the induration was measured in mm.
of treatment) are involved in the induction of latency (Scanga et al. 1999) . In low-dose murine models, mice are aerogenically or intraperitoneally infected with a low dose of M. tuberculosis. The quiescent phase of the infection is maintained for a relatively long time, after which the infection begins to reactivate and the mice succumb to tuberculosis (Orme 1987) . This low-dose murine model has the important advantage of tracing natural latency in the sense that it relies solely on the host immune response for control of the infection. However, it has the disadvantage of a high bacillary burden, unlike that found in human latent M. tuberculosis infection.
A guinea pig model of M. tuberculosis latent or dormant infection was therefore proposed recently (Kashino et al. 2008) . This model employs a streptomycin-auxotrophic mutant of M. tuberculosis (M. tuberculosis 18b) and streptomycin. However, this model is not still reproducible, because 10 7 CFU of M. tuberculosis 18b are injected intravenously and the guinea pigs are then inoculated with streptomycin for 3 months. To overcome this difficulty, we created a low-dose model by injecting guinea pigs subcutaneously with 100 or 1,000 CFU GFP-H37Rv. Ten months later, no mycobacterial lesions were observed macroscopically, but all of the tuberculin skin tests conducted during the follow-up period gave positive results. However, the lymphocytes from the hilar lymph nodes of the latent guinea pig tuberculosis did not respond to Ag85A peptides in vitro (data not shown). It was not easy to detect granulomas histopathologically, but use of a photon imaging technique clearly localized the granulomatous lesions in the organs. The 1,000-CFU subcutaneous model was not suitable for latent infection because the tubercle bacilli were reactivated 10 months later and many granulomatous lesions were recognizable in the major organs. Conversely, the 100-CFU model was favorable in that only microgranulomas were observed histologically. To date we have followed up the 100-CFU group for more than 1 year; the guinea pigs are all still alive and their tuberculin skin tests still give positive results. The guinea pigs were inoculated with 100 CFU GFP-H37Rv. *In the lung tissues of uninfected guinea pigs, expression levels of IFN-γ , TNF-α , IL-10, IL-12, and iNOS mRNA were very low (< 0.1 as relative intensity). + Statistically significant (P < 0.01). To shed light on the molecular mechanisms of latent tuberculosis, we examined the expression of cytokine and iNOS mRNAs. At 180 days after infection there were no significant differences in mRNA expression between uninfected and latently infected guinea pigs, but significant changes in expression of IFN-γ , TNF-α , IL-12, and iNOS mRNAs were recognized between uninfected and latently infected animals at 300 days after infection. These results indicate that the immune network (Th2 cytokines and the cytokines related to Th2 cells) was stimulated minimally but effectively in latent infection.
Our animal model should provide useful clues for studying the pathology of adult latent tuberculosis. Humans and rabbits infected with M. tuberculosis develop cavities in the lungs, whereas guinea pigs do not (Dannenberg 2006) . After reactivation of latent infection or exogenous reinfection with M. tuberculosis, caseous lesions and cavities may develop. Further study will be required to elucidate the mechanisms involved. Our model may also be of help for studying new tuberculosis vaccines and drugs for latent tuberculosis. As mentioned above, it is difficult to detect microgranulomas, but they were clearly detectable with a high-sensitivity photon imager. If a drug or vaccine being tested were effective in latent tuberculosis, then no fluorescent signals would be detected. Our model is therefore an attractive alternative for use in the development of antituberculosis vaccines in the context of presensitization of animals.
In summary, we have established a guinea pig model of latent tuberculosis. Our guinea pig model can be used widely for studies of the immunology, molecular biology, and chemotherapy of latent tuberculosis.
